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INTRODUCTION 
This  r e p o r t  desc r ibes  research  a c t i v i t i e s  t h a t  were performed dur-  
i ng  t h e  s i x t h  phase of  a program designed t o  i n v e s t i g a t e  t h e  mechanisms of  
s t r eng then ing  and f r a c t u r e  of composite m a t e r i a l s .  A s  mentioned i n  the  
prev ious  progress  r e p o r t s  (subsequently r e f e r r e d  t o  by PR number), f i v e  
d i f f e r e n t  programs are  being c a r r i e d  ou t  e 
i n  t h e  fo l lowing  paragraphs.  
These are d i scussed  s e p a r a t e l y  
I. The E f f e c t  of D r i l l e d  Holes on the  Notch Toughness of  I r o n  Base 
Alloys  (with C .  A. Rau, Graduate S tudent )  
The e f f e c t  o f  mechanically d r i l l e d  holes  on t h e  notch toughness 
o f  i ron-base a l l o y s  has been inves t iga t ed  by means of instrumented 
impact-bend, slow-bend, and tens ion  t e s t i n g .  Although one small  ho le  
(diameter  = 0.0292") d r i l l e d  a t  o r  below t h e  notch t i p  produces i n s i g -  
n i f i c a n t  o r  adverse  e f f e c t s  on the  Charpy-V t r a n s i t i o n  behavior ,  two 
ho le s  loca ted  on each  s i d e  o f  the notch produce cons iderable  improve- 
ments The important geometric parameters which determine the  magnitude 
o f  t h e  improvement were inves t iga t ed .  The impact t r a n s i t i o n  temperature 
o f  d r i l l e d  specimens can be as much as 6OoC lower than t h a t  of  s t anda rd  
Charpy samples. I n  a d d i t i o n ,  two holes  i n c r e a s e  the  load c a r r y i n g  ca- 
p a c i t y  of  Charpy sapples  by a s  much as 100% a t  low temperatures  where 
bo th  specimens f r a c t u r e  completely by cleavage p r i o r  t o  genera l  y i e l d i n g .  
A p h o t o e l a s t i c  s t r e s s  ana lys i s  revea led  t h a t  t hese  improvements 
a r e  obta ined  wi thout  markedly reducing t h e  e l a s t i c  stress concen t r a t ion  
f a c t o r  of t h e  notch.  Hawever, meta l lographic  examination of  e t c h - p i t t e d  
specimens o f  Fe-3% S i  showed tha t  two holes  cause a marked r e d i s t r i b u t i o n  
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of l o c a l  p l a s t i c  s t r a i n s  away from t h e  notch t i p  and between the notch 
s i d e  and each hole.  A s  a r e s u l t ,  two ho les  reduce t h e  r a t e  a t  which the 
p l a s t i c  stress concen t r a t ion  f a c t o r  b u i l d s  up wi th  a p p l i e d  load ,  and 
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t hus  holes  i n c r e a s e  t h e  app l i ed  load r equ i r ed  t o  produce t h e  c r i t i c a l  
f r a c t u r e  s t r e s s  o r  s t r a i n  below t h e  notch r o o t .  I n  a d d i t i o n ,  when duc- 
t i l e  t e a r i n g  occurs  t o  both ho le s ,  t h e  r e s u l t i n g  "hammerhead" notch i s  
s o  b l u n t  t h a t  f r a c t u r e  r e i n i t i a t i o n  r e q u i r e s  much h ighe r  energy. Other 
geometries such as inc reased  hole  s i z e  and a d d i t i o n a l  number o f  holes  
were a b l e  t o  f u r t h e r  improve the nominal notch s t r e n g t h  a t  low tempera- 
t u r e s ,  but they tended t o  be l e s s  e f f e c t i v e  than two 0.0292" ho le s  a t  
h ighe r  temperatures S i m i l a r  improvements were a l s o  ob ta ined  i n  Charpy 
type  samples of  reduced thickness  and s h e e t  t e n s i o n  samples,  i n d i c a t i n g  
t h a t  p l ane  s t r a i n  cond i t ions  a r e  n o t  a p r e r e q u i s i t e  f o r  improvement wi th  
Although a gene ra l  geometric e f f e c t  , the  magnitude of t he  improve- 
ment from h o l e  d r i l l i n g  v a r i e s  w i th  m i c r o s t r u c t u r e .  I n  a s e r i e s  of  hypo- 
e u t e c t o i d  s t e e l s ,  holes  increased t h e  notch s t r e n g t h  by s imilar  amounts 
when f a i l . u r e  occurred p r i o r  t o  gene ra l  y i e l d i n g .  However, the r educ t ion  
i n  the  d u c t i l i t y  t r a n s i t i o n  temperature due t o  holes  inc reased  r a p i d l y  
w i t h  t h e  s t e e l ' s  carbon content  i n  mild s t e e l s  (%C < 0.2) and then de- 
c reased  w i t h  a d d i t i o n a l  carbon con ten t .  The percentage i n c r e a s e  i n  t h e  
s h e l f  energy o f  f u l l y  d u c t i l e  samples showed no such maximum and inc reased  
cont inuously as t h e  d u c t i l e  t e a r  energy decreased. 
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IT.. F r a c t u r e  Mechanisms i n  Quenched and Tempered S t e e l s  , I  
-, 
c' (with Dare1 Hodgson, Graduate S tudent )  
Deformation and f r a c t u r e  mechanisms have been s tud ied  i n  a d i s -  
pe r sed ,  two-phase system. Quenched and tempered ( o r  sphero id ized)  car- 
bon s t e e l  was used a s  a model system. S t e e l s  w i t h  3 t o  13 volume percent  
o f  hard., s p h e r i c a l  carb ides  were s t u d i e d  by vary ing  t h e  carbon con ten t ,  
and mean p a r t i c l e  s i z e s  ranging from 002p, t o  1 . 5 ~  were obta ined  by temper- 
i n g  a t  temperatures  from 5OO0C t o  70D°C f o r  24 hours .  
I Standard Charpy V-notch specimens , t e s t e d  i n  slow-bend, were used 
I t o  o b t a i n  condi t ions  of  s eve re  t r i a x i a l i t y  and s t r e s s  concent ra t ion ;  
a l s o ,  s t anda rd  f l a t  t e n s i l e  specimens con t r ibu ted  y i e l d  s t r e s s  and s t r a i n  
hardening d a t a .  For each mean p a r t i c l e  s i z e  and volume f r a c t i o n ,  s p e c i -  
mens were t e s t e d  between room temperature and -196OC. Curves of  Charpy 
I 
gene ra l  y i e l d  load ,  f r a c t u r e  load and bend ang le  as a func t ion  o f  temp- 
e r a t u r e  were ob ta ined  f o r  each steel condi t ion .  From these  cu rves ,  t h e  
n i l  d u c t i l i t y  temperature  f o r  any given volume f r a c t i o n  and mean p a r t i c l e  
s i z e  i s  ob ta inab le .  
The f r a c t u r e  Charpy specimens were n i c k e l  p l a t e d ,  s ec t ioned  and 
It was seen  t h a t  t h e  s i z e  and depth of the  dimples i n  the  f ib rous  i n i t i a -  
t i o n  s t a g e  of  f a i l u r e  decreased a s  t h e  mean p a r t i c l e  s i z e  decreased.  
The v a r i a t i o n  of dimple s i z e  wi th  y i e l d  s t r e n g t h ,  i r r e s p e c t i v e  of  c a r -  
b i d e  volume f r a c t i o n ,  has been determined, 
An a t tempt  i s  being made t o  c o r r e l a t e  t h e  energy absorbed i n  
forming a f r a c t u r e  w i t h  a given dimple s i z e  and depth with t h e  f r a c t u r e  
toughness o r  K va lue  f o r  t h e  material. The f r a c t u r e  toughness measure- 
I C  
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ments are  c u r r e n t l y  i n  progress .  
I L I .  S t r eng th  and F r a c t u r e  of  Fiber  E u t e c t i c  Composites 
(with F. Darwish, Graduate S tudent )  
The purpose of t h i s  i n v e s t i g a t i o n  is  to  s tudy  the  s t r e n g t h  and 
f r a c t u r e  of  u n i d i r e c t i o n a l l y  s o l i d i f i e d  A i - N i  e u t e c t i c  a l l o y .  
t i o n a l  s o l i d i f i c a t i o n  of t h i s  a l l o y  r e s u l t s  i n  t h e  formation of AA N i  
f i b e r s  (hard  and s t r o n g  i n t e r m e t a l l i c  compound) a l igned  p a r a l l e l  t o  t he  
Unid i rec-  
3 
d i r e c t i o n  o f  growth and embedded i n  a continuous mat r ix  t h a t  i s  mainly 
AR wi th  0.047, N i  i n  s o l u t i o n .  
Slow bend tes ts  were c a r r i e d  ou t  on Charpy ba r  specimens ( f i b e r s  
o r i e n t e d  p a r a l l e l  t o  t he  a x i s  of t h e  bar)  and t h e  load  c a r r y i n g  capac i ty  
.rf the  Charpy specimens was determined a t  d i f f e r e n t  temperatures  This  
l oad  dropped by a f a c t o r  of two a s  the  temperature  was increased  from 
-196°C up t o  2OO0C. The v a r i a t i o n  was found t o  be l i n e a r .  Some t e s t s  
a re  t o  b e  c a r r i e d  o u t  on specimens made o u t  of t he  pure matrix (AA - 
0.04’X Ni) and t h e  r e s u l t s  a r e  t o  be compared wi th  those obta ined  above. 
The comparison should l ead  t o  an explana t ion  of  t h e  observed temperature  
dependence and whether i t  i s  due t o  change i n  f i b e r  p r o p e r t i e s ,  mat r ix  
p r o p e r t i e s  o r  both.  A more d e t a i l e d  s tudy has been c a r r i e d  out  whereby 
t h e  number o f  cracked f i b e r s  i n  t h e  zone ahead of  t he  notch ( i n  Charpy 
b a r s )  was determined as a func t ion  of  t h e  bend angle  8.  This  number was 
found t o  i n c r e a s e  a s  8 increased .  A sharp  inc rease  t h a t  marked the on- 
s e t  of gene ra l  y i e l d i n g  was observed a t  8 = 2 O  (R .T .  t e s t )  a f t e r  which 
t h e  rate of i nc rease  diminished cons iderably  u n t i l  even tua l ly  the  s p e c i -  
men f a i l e d .  More cracked f i b e r s  were found i n  the  i n t e r i o r  o f  t h e  ba r  
than  an the  s u r f a c e  of  t h e  same bend angle  8. 
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Tens i l e  tests showed dependence on temperature  and s t r a i n  r a t e  
f o r  b a t h  t h e  f r a c t u r e  stress and the  t e n s i l e  e longat ion;  the former i n -  
c reased  whi le  t h e  l a t t e r  decreased a s  t h e  temperature  dropped. 
Cur ren t ly  , the  t e n s i l e  and bending p r o p e r t i e s  a r e  being eva lua ted  
as a func t ion  of  both temperature and s t r a i n  r a t e  f o r  t h r e e  d i f f e r e n t  
f i b e r  o r i e n t a t i o n s  More d e t a i l e d  experiments t o  determine number of  
cracked f i b e r s  as func t ion  o f  stress and s t r a i n  are t o  b e  c a r r i e d  ou t  
on t e n s i l e  specimens a t  d i f f e r e n t  temperatures .  
IV. A T h e o r e t i c a l  I n v e s t i g a t i o n  o f  D i s loca t ion  D i s t r i b u t i o n s  i n  Two- 
Phase Systems (with David M. Barnet t  $ Graduate Student)  
The i n t e r a c t i o n s  between d i spe r sed  second-phase p a r t i c l e s  o r  i n -  
c l u s i o n s  and s l i p  d i s l o c a t i o n s  e x e r t  a l a r g e  inf luence  iipon t h e  s t r e n g t h  
and d u c t i l i t y  o f  c r y s t a l l i n e  s o l i d s .  An important example o f  such  i n t e r -  
a c t i o n s  may be represented  by a p l a n a r  a r r a y  of  s l i p  d i s l o c a t i o n s  which 
has  been blocked by ,  and thus has p i l e d  up a g a i n s t ,  t h e  second phase.  
The p r e s e n t  s tudy  is an examination of t h e  e f f e c t s  o f  second-phase s i z e  
and r i g i d i t y  upon the  s t r e s s e s  a s soc ia t ed  w i t h  such blocked d i s l o c a t i o n  
Using t h e  method o f  cont inuously d i s t r i b u t e d  d i s l o c a t i o n s ,  exac t  
a n a l y t i c a l  s o l u t i o n s  are obtained f o r  t he  stress f i e l d s  a s s o c i a t e d  w i t h  
1) a screw d i s l o c a t i o n  p i l e u p  a t  a r i g i d  c i r c u l a r  i n c l u s i o n  
2) a screw d i s l o c a t i o n  p i l e u p  a t  a s e m i - i n f i n i t e  second phase 
of f i n i t e  r i g i d i t y  
a screw d i s l o c a t i o n  p i l e u p  a t  a c i r c u l a r  i n c l u s i o n  of  f i n i t e  
r i g i d i t y  
3) 
The l o c a l  s t r e s s e s  near  t h e  p i leup  t i p  a r e  shown t o  be  o f  che form 
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i j  - T F ( " ) "  4R p ' 
g 
7 i j  ' " T  (F) , 
L - >  2 R 
L g < 2  
where L i s  t h e  s l i p  l i n e  length ,  R i s  t h e  r a d i u s  of t h e  second phase,  
p is  t h e  r a d i a l  d i s t a n c e  from the  p i l e u p  t i p ,  and T is  the  e f f e c t i v e  
app l i ed  l o n g i t u d i n a l  shea r  s t r e s s .  
s t r e s s  s i n g u l a r i t y ,  i s  a func t ion  of  t h e  e l a s t i c  cons t an t s  and i s  given 
g ,  the s t r e n g t h  of  t he  p i l e u p  t i p  
by r 
where G2 and G 
t i v e l y .  The phys ica l  s i g n i f i c a n c e  o f  tne above r e s u l t s  is d i scussed  i n  
t e r m s  of image d i s l o c a t i o n  fo rces  induced by the  presence of  a second 
phase ahead of a s l i p  band. 
a r e  t h e  second phase and mat r ix  shea r  moduli ,  respec-  1 
An exac t  s o l u t i o n  f o r  the s t r e s s e s  generated by an i n f i n i t e  se- 
quence of  p a r a l l e l  screw d i s l o c a t i o n s  p i l e d  up a g a i n s t  an e l a s t i c  h a l f -  
p l a n e  of  f i n i t e  r i g i d i t y  i s  a l s o  presented .  The l o c a l  s t r e s s e s  near  t h e  
? i l e i ~ p  t i p s  are  given by 
h - < 2  L 
h - >  5 L 
where h i s  the  s e p a r a t i o n  d i s t ance  between t h e  s l i p  bands e I n  a d d i t i o n ,  
t h e  more d i f f i c u l t  p lane  s t r a i n  problem involv ing  an edge d i s l o c a t i o n  
p i l e u p  a g a i n s t  an  e l a s t i c  ha l f -p lane  i s  formulated,  and a method f o r  de- 
te rmining  t h e  p i l e u p  t i p  s t r e s s  s i n g u l a r i t y  is d iscussed .  
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I The r e s u l t s  ob ta ined  from t h e  above c a l c u l a t i o n s  are  used t o  d i s -  
h cuss  r e l a x a t i o n  of t he  p i l eup  s t r e s s e s  by f r a c t u r e  i n i t i a t i o n  i n  t h e  
second phase and by c ross  -s l i p  of t h e  l ead ing  a r r a y  d i s l o c a t i o n s  around 
t h e  second phase. 
than the  matrix (G 
t i o n  of t h e  Grif  f i th - I rwin-St roh  c r i t e r i o n  used i n  s i n g l e  phase e l a s -  
F r a c t u r e  i n i t i a t i o n  i n  a second phase which i s  harder  
> G 1 can only be p red ic t ed  by an a t o m i s t i c  modif ica-  2 1 
t i c i t y .  It i s  shown t h a t  c r o s s - s l i p  should be t h e  more favorable  r e -  
l a x a t i o n  mode when L/R > 2 ,  and t h a t  f r a c t u r e  i n i t i a t i o n  should be pos-  
s i b l e  only when L/R < 2 .  I n  typ ica l  two-phase systems t h i s  a n a l y s i s  p r e -  
d i c t s  t h a t  f r a c t u r e  i n i t i a t i o n  i n  t h e  second phase should b e  p o s s i b l e  
on ly  when t h e  i n c l u s i o n  diameter i s  g r e a t e r  than about one micron. 
V. E l a s t i c - P l a s t i c  Cracks i n  Two-Phase Mate r i a l s  
(with Tsu-Wei Chou, Graduate Student)  
A t h e o r e t i c a l  approach has been used t o  i n v e s t i g a t e  the  behavior  
o f  t h e  e l a s t i c - p l a s t i c  c rack  i n  a two-phase system. It is  intended t h a t  
t h e  r e s u l t  w i l l  be  extended t o  determine t h e  crack propagat ion behavior  
i n  f i b e r  composites.  
I n  one of  t h e  approaches t o  t h i s  problem, w e  adopt the  shea r  crack 
model, o r i g i n a l l y  suggested by Bi lby ,  C o t t r e l l  and Swinden. The c a l c u l a -  
t i o n  of  p l a s t i c  reg ions  a s  a func t ion  o f  c rack  p o s i t i o n  has been made f o r  
a mater ia l  w i t h  a r i g i d  second phase,  wi th  bo th  t h e  crack and t h e  p l a s t i c  
r eg ion  i n  t h e  s o f t  phase.  The r e s u l t  w i l l  nex t  be  extended t o  two-phase 
systems o f  f i n i t e  r i g i d i t y .  
Besides us ing  the  d i s l o c a t i o n  model approach f o r  a c rack ,  an a l -  
t e r n a t i v e  method has been used based upon c l a s s i c a l  continuum e l a s t i c i t y .  
Crack problems i n  m a t e r i a l s  conta in ing  r i g i d  s u r f a c e  f i lms  and f i b e r  
composites are  c u r r e n t l y  be ing  s t u d i e d ,  
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